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Brillouin instability in n-type piezoelectric semiconductors
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The paper aims at the detailed analytical investigation of Brillouin instability in a mag-
netoactive n-type cubic piezoelectric semiconducting crystal belonging to class 43m under
a geometrical configuration which can also be employed in analyzing the phenomenon
under either Voigt or Faraday orientation. The electric vector E of the spatially uniform
pump electromagnetic wave (applied along the y axis) is normal to the magnetostatic field
B, (along the z axis) as well as to the plane of propagation (x-z plane) of the internally
generated low-frequency transverse-acoustic wave (@, K) and the scattered electromagnetic
wave (col,l_{l). The propagation vectors E: fl (antiparallel to each other) are in the x-z
plane making an angle 8 with the x axis. The dispersion relation has been obtained by
using a hydrodynamic model of the homogeneous, piezoelectric, one-component (electron)
semiconductor plasma, and the critical value of the pump electric field (necessary to
achieve physically reasonable growth of an unstable wave) and the growth rate of the un-
stable Brillouin mode well above the critical field have been obtained for isotropic (B,=0)
and magnetoactive (By%0) plasmas. We have applied our analysis to a specific semicon-
ductor, n-InSb at 77 K duly irradiated by a pulsed 10.6-um CO, laser for numerical es-
timation. Qualitative agreement between the analytical results and the numerical analysis
has been noticed. The laser wave intensities used here are in the range of 10° to 10'

W m~2 which is assumed to be less than the damage threshold of the InSb crystal. The
phase velocity of the growing unstable mode is found to be constant over the whole range
of system parameters and equal to the acoustic velocity in the crystal. The magnitude of
the critical field decreases with increasing magnetostatic field and decreasing 6. The
growth rate increases and attains a maximum value at a certain value of the pump inten-
sity, magnetostatic field, and 9, and if these are raised further, growth rate starts decreas-
ing. The magnitude of the growth rate is found to be ~ 108 sec™! at laser intensities of
the order of 10!° Wm~2. When the analysis is extended to Voigt and Faraday configura-
tions, the results are not very encouraging.
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I. INTRODUCTION

Motivated by the intense interest in the field of
stimulated Brillouin scattering (SBS), in the present
paper, we have reported the results of the analyti-
cal investigations of Brillouin instability in a mag-
netoactive piezoelectric semiconductor plasma
under a general configuration and discussed the
possibilities of obtaining maximum growth of the
unstable Brillouin mode in the crystal.

Qualitatively, the dielectric constant of a scatter-
ing medium depends on some primary excitations
in the medium (e.g., molecular vibrations, acousti-
cal and optical phonons) and lead to the coupling
of an incident light wave with these excitations. In
a semiconductor plasma, the presence of a time
varying electric field produces time varying elec-
trostrictive strain in the medium and thus drives
an acoustic wave in it; consequently, the

phenomenon of SBS occurs due to the interaction
of an electromagnetic wave with the generated
acoustic wave in the medium. The resultant wave
may be scattered at various angles but the scatter-
ing maximizes in a backward direction with a
characteristic frequency downshift of the acoustic
frequency.! Accounts of the theory of SBS was
given initially by Kroll* and Tang® and was re-
viewed by Starunov and Fabelinskii* and Fabelin-
skii.> Sen® has given a simplified analytical treat-
ment of the SBS phenomena and has analyzed the
possibility of Brillouin instability in an n-type
transversely magnetoactive piezoelectric semicon-
ductor under a collision-dominated regime neglect-
ing the Doppler shift in the microwave acoustic-
frequency range. However, at high electric field
amplitudes of the pump wave (Ey~ 10° to

10’ Vm™!), the Doppler shift in the acoustic fre-
quency no longer remains negligible and its effect
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must be incorporated in order to get oneself closer
to the physical situation. Asam et al.” observed
SBS in Ge using a pulsed CO, laser. Ultrasonic
waves in the microwave range duly generated by
SBS have been used by Winterling et al.® to inves-
tigate the ultrasonic absorption in quartz at 29
GHz. Sussman and Ridley’ have reported the
Brillouin scattering measurements of amplified
acoustic flux in oxygen-doped n-GaAs by irradiat-
ing the crystal with a cw 1.06-um Nd —yttrium
aluminum garnet (YAG) laser beam. Recently, an
experimental observation of SBS in microwave in-
teraction with a plasma has been made by Hue

et al.l®

It appears from the available literature that no
systematic attempt has been made so far to explore
the most appropriate conditions to get maximum
amplified acoustic flux in the solid medium using
minimum external power. The present authors ad-
dress themselves to such an attempt by choosing a
general configuration of the pump wave, propaga-
tion vector, and the magnetostatic field which cov-
ers the two important geometries, viz., the Faraday
and the Voigt ones as well. We have considered a
one-component (electron) cubic piezoelectric semi-
conducting crystal belonging to class 43m subJected
to a large transverse magnetostatic field Bo in a
direction (along z axis) perpendicular to the electric
vector Eo (along the y axis) of the spatially uni-
form pump (wo,k~0) which is propagating in the
x-z plane. The scattered electromagnetic and the
transverse acoustic waves represented by (w1, k)
and (w, k), respectively, are also propagating in the
x-z plane making an angle 8 with the x axis.

These three waves satisfy the energy and momen-
tum conservation relations yielding 0 =wo—w and
kl = ko—-— K. The investigation can easily be ap-
plied individually for Faraday as well as Voigt
configurations simply by making 6=90° and 0°,
respectively.

The analysis is based on the coupled-mode
theory,l'1 which was employed earlier by Sen® for a
simplified treatment of SBS. The incorporation of
the finite contributions of the perturbed electron
fluid velocity associated with the scattered elec-
tromagnetic mode and the effect of Doppler shift
on the acoustic frequency adds a new dimension to
the analysis presented here.

Nonetheless, the present investigation has been
made under the following assumptions: (1) The
electric field amplitude of the pump employed in
the present investigation has been taken to be less
than the damage threshold of the crystal con-

sidered. The power density corresponding to the
value of the electric field amplitude employed is
found to be, quite reasonably, in the range which is
normally employed to study the nonlinear optical
effects in semiconductors duly irradiated by pulsed

laser beams. (2) We have neglected the effects of

nonlinear material parameters which play signifi-
cant roles in strongly piezoelectric semiconductors
like LiINbO; (Ref. 12) by restricting our analysis to
moderately piezoelectric semiconductors,? viz.,
ITII-V binary compounds. (3) The semiconductors
have an isotropic and nondegenerate conduction
band. (4) The band nonparabolicity which contri-
butes about 3% over the parabolic band structure
has been neglected.!>'* (5) Free-carrier absorption
is considered to be negligible (Sec. I of Ref. 6). (6)
Dipole approximation is applicable to the pump
wave, i.e., the wave vector ko is very small in com-
parison with K and k;. (7) We have neglected the
thermal effects, because for highly doped semicon-
ductors one can have w,? >> k% (wp, and vg being
the electron plasma frequency and electron thermal
velocity, respectively).

Thus, our analysis can be employed effectively
in the investigation of SBS in n-type heavily doped
III-V semiconductors (such as n-InSb, n-GaAs,
etc.) with electron concentrations such that the
electron plasma frequencies are large enough and
nearly equal to the pump frequency. We have as-
sumed the first-order fluctuatlons (like El, Vi b s
ni, etc.) varymg as expli ( (ot —Kk- r)] and
expli (w2 —k;*T)] for slow and first components,
respectively. The dispersion relations have been
solved for complex o (=w, +iw;) with real posi-
tive values of k throughout the present analysis.
The propagating mode will be called unstable,
growing one only when w; is less than 0; |w; |
represents the growth rate of the unstable mode.
We have made thorough numerical estimations of
the entities like the conditions for the onset of in-
stability and growth rate of the unstable Brillouin
mode at fields well above the critical pump ampli-
tude necessary to incite the instability in #-InSb at
77 K.

The dispersion relation for the scattered modes
in a magnetoactive plasma for an arbitrary value
of ® has been formulated in Sec. II. In Sec. III,
we have analyzed the results for an isotropic medi-
um (By=0) and the derived expression for the
growth rate of the unstable Brillouin mode has
been numerically estimated. Section IV deals with
the critical examination of the phenomenon in the
magnetoactive medium when the magnetostatic
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field is such that v< | @, | <®, (v and w, are the
phenomenological electron-collision frequency and
electron-cyclotron frequency, respectively). The
analytical results obtained under a number of ap-
proximations (of course, physically sound) for the
growth rate of the unstable mode has been com-
pared with the numerical results obtained by solv-
ing the general dispersion relation (which is quartic
in complex w) with the help of a computer over a
wide range of magnetostatic field, pump ampli-
tude, and the angle 6. The qualitative agreement
between the two approaches has also been shown in
the same section. Dispersion relations have further
been derived for Voigt and Faraday geometries and
analytical expressions for the growth rate and criti-
cal value of the pump electric field amplitude have
been obtained for both the cases in Sec. V. Section
V1 is devoted to the important conclusions which
can be drawn from the investigations reported in
this paper. ’

II. THEORETICAL FORMULATIONS

We consider the hydrodynamic model of a
homogeneous one-component (electron) piezoelec-
tric semiconductor plasma under the geometrical
configuration discussed in Sec. I. The time vary-
ing electric field amplitude E; of the pump wave
produces an electrostrictive strain in the medium
which is accompanied by an acoustic wave. This
acoustic wave then modulates the optical dielectric
constant causing an energy exchange between the
electromagnetic waves whose frequencies differ by
a small amount equal to the acoustic frequency w
where o <<y and consequently, from the fre-
quency matching condition (wg=w +w), one gets
w;~awg. The net electrostrictive force acting on a
unit volume is'

F’:%\?}ﬂ , @.1)

where y represents the change in optical dielectric
constant and is around 10~ Fm~!,

We assume that the acoustic wave generated
internally is a pure shear wave propagating in the
x-z plane with its vibration direction parallel to the
y axis. Thus, the acoustic displacement vector U
can have only two components u, and u,. As
mentioned in Sec. I, we have chosen a cubic
piezoelectric III-V binary semiconducting crystal
belonging to class 43m. When one is concerned
with the study of propagation of a low-frequency

acoustic vibration in a piezoelectric crystal, the
electric and elastic properties of the lattice are cou-
pled and under such circumstance, one must con-
sider the polarization and the electric field accom-
panying the acoustic vibration. The piezoelectric
properties of the material being described by the
elements gij’_‘ of its piezoelectric tensor.!> It is well
known that the cubic crystals of class 43m have
only one piezoelectric constant,!6 viz., e;4 and con-
sequently, the equation of motion of the lattice in-
corporating the electrostrictive force [given by Eq.
(2.1)] and remembering that u, =0 can be written
following Tucker and Rampton'” and Hayes and
Loudon'® as

d%u %u, o, 3E; y 3
z __ _ I -
P = | 52 Taxaz | % ax T2 ax L
(2.2a)
and
0%u, u, du, 3E, 3
_— _ YO 2
P = |52 Yazax |7 oz T2z
(2.2b)

where p is the density of the crystal, ¢4y is the ap-
propriate elastic stiffness constant, and e;4 is the
piezoelectric stress constant. The other basic equa-
tions used in the present analysis are

W=—;(E0+V0XB0)—VV0 N (2.3)
_5‘t"+(V0'V)V1=——’;(E1+V1XB0)—VV1 ,
(2.4)
anl L = = _,
T+(VO°V)n1+no(V°v1)=O , 2.5)
and the wave equation®
T T xE 9¥, 1 9%E,
X >< 1——“0 at C% at2
az — —
+#o’}’-m—2[(v~ﬁ)E1] . (2.6)

Equations (2.3) and (2.4) are the zero and first-
order momentum transfer equations in which v,
and V, are the oscillatory electron fluid velocities
due to the electric field amplitudes of the pump
and scattered waves, respectively. Equation (2.5) is
the continuity equation in which ny and n; are the
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unperturbed and perturbed electron densities, _
respectively. g is the absolute permeability, J,
represents the perturbed current density,
¢y [=(eo€1ie0)~17%] is the velocity of light inside
the crystal having a dielectric constant €;, €; is the
permittivity of free space, and —e and m are the
electron charge and effective mass, respectively.
Physically, the high-frequency pump wave gen-
erates the low-frequency acoustic wave in the
medium and they give rise to the high- and low-
frequency components of the carrier density fluc-
tuations (denoted by n,, and n,,; and perturbed
electron fluid velocities (Vs and V) oscillating at
frequencies 0, (=wy—w) and w of the scattered
electromagnetic and acoustic waves, respectively.
To obtain the slow component n; of the per-
turbed electron density, we make use of Egs. (2.2)
and the piezoelectric-effect incorporated Poisson
equation given by

RN ne ey |, o,
E=—— R 2.7
VE; € € | ax? 922 @7
and consequenily, one finds
epse]
2—k2 2 14€ 14 k2
€ ¢ i pE€ d0E;, OE,
M= (0?—kZc}) ax oz
(2.8)

where ¢, =(c44/p)"/? and is the transverse acoustic

velocity in the crystal and e}y =e 4, —VE/2,
€=¢€g€;. In obtaining the above equation, we have
neglected d%u, /3z3x and d%u, /dxdz in comparison
with 9%, /3x? and 9%u, /022, respectively, in Egs.
(2.2) which makes the analysis much simpler
without any significant loss of generality.

The fast component 7 can be expressed in
terms of n, by using Egs. (2.3)—(2.5) and (2.7) as

4ikchvoy8

il 1 A 2.9
AP S )

E
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where 8 =wo—w), wp=noe2/me, and
w,=—eBy/m. In deriving Eq. (2.9), we have res-
tricted ourselves to the range w, ~, and followed
the usual procedure.!”” The two components of the
zero-order oscillatory electron fluid velocity, viz.,
vox and v, are obtained from Eq. (2.3) as

eE, W,

m ol +(iwg+v)?

Vo= — (2.10a)

and
eEo (1(00+V)

m ol +(iwg+v)?

on = — (2. IOb)

Similarly, the components of V, (=Vs+7,) are
derived from Eq. (2.4) and given by

Elyl ’

o0,E\x+o E
D = i i (2.11a)
M g=syr @+
V= —— D
ly m Bl mg+w€2’ 1x
e
®, 0 (0} +o])
(2.11b)
and
=23 Lg_, @.110)
m q=s,f mq

where w; =i(w—k,vg,)+v and
oy=i(w;—kyvox)+v. The perturbed electron
current density is given by

Tf1= —eno(Vip+Vi)—eVolnip+ny) .
(2.12)

One finds the components of —.fl along the three
axes by using Egs. (2.8) to (2.12) as

1) 1) i€k, vo, X ese]
Jix= wle s f X~ 0x wz_kZCZ_MkZ E
* P lot+ol " ol4er | 20t —k3}) ‘ 1x
2 1 1 i€k2U0yX 2 2 28149'14k2
+w,0,€ o°—kcf—— , (2.13a)
ep w%—}-wf w§+w} b 2(w2—k2c,2) ! lz
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iekvoX | , 5, eueisk’ 2 1 1
Jy= |55 |0*—k%/———— | —0.0p€ E
by l2(co2—k2c,2) @ ! I3 P 0+ w? + 0} +of x
2 2 . ,
1 0} iek,v ese sk
+w§e —+_1___ 2c — 2c . ly __3}__0;'_;(_2 o k2t2 14€ 14 E,,
o;  of olo;+o;) oflo;+of) 2w*—k*c;) pE
(2.13b)
and
Jip=wke(l/os+1/0p)E,, , (2.13¢)
where

X =1—4ik,v0,0.8/[0(+*+8%)] .

Using the wave equation (2.6) and substituting the components of T, from Eqgs. (2.13) therein, one can get
the general dispersion relation as

ap ap ap

az ayn axn|=0, (2.14)
ay 0 ayn
where
2 . 2 ' 2
K2 ‘0% uo?’w%e'l‘iEka L0100y W + Of kyvoxo X 0 —k2c? e1se14k
an=—K—"3— 2 2, 2 |7 52,2 122 —RG =
el p(w2—k2c,2) c? 0} +w? o, +oF 2cilo*—k%c;) pE
tco;cof,wc 1 1
= 2, 2 2, 2 |°
c% . +o; 0. +of
’
k. k kxvo,‘colX 2 k2 2 €ue 14k
A13=RxRKz =755 3 2, - ,
7 2eHwt—k%d) pe
k X ' k . 2
xVox®@1 2 2.2 C€14€14 l0p0. 01 1 1
an=—"77—5 53 |0 k- - 2 ) 2, 2
2ci(w*—k%c;) pe i 0. +os o +aof
2 .2 2 2
TR Gy 1 U U S S
e c% 0;  Of ms(w§+ws) oslo; +oF)
r 1.2
colk,voyX 2 2.2 814814’(
ap=——7—3— 55 @ kG ———""1,
2ci(0*—k“c;) pE
a3l=kxkz,
and

2 2 2
a k2 o]  poywieEok;
B=—KRy——75—

et ple?—k%})

iwlw;
+——F(1/os+1/0f) .
€1

The linear representation of the dispersion relation is

anlanas—aysas)=ap(aa;—anas) . (2.15)

b
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From the knowledge of the different physical parameters for the semiconductors like n-GaAs and n-InSb,
one can notice that a;; >>a, but a,; is comparable to a,, for the finite values of both k, and k,. Thus,
ay, can be neglected and the dispersion relation reduces to a simpler form

a;1a33=4a34a;3; - (2.16)

The substitution of the values of a;;,a3,a3;,a3; yields the following dispersion relation after some
mathematical simplification:

2 .2 2 .2
0] 0w ® ) 0] oo
(wz—kZC,Z)Z —-kz2—-—"‘21— 12P 2 2 3 + 3 4 3 ___kz___zl_{__._lz_p_ L_*___l__ __kkaZ
ci cl 0;+0; 0, +of ci c1 0y of
2 0 2 2 . 2
wie4Eok 1) oo 1) o)
FHw?—k2}) HoY®wi€iaZokz —kz2—-—7‘+ 12p . b f -
pP Cq Cy CD,_.+0)S wc+cof
ﬂoyw%ell‘tEOk)% kyvox1 X 2 2 2 9148'14](2 ‘
— + 3 o' —kc;————
P 2cq pe
2 . 2 ,
@ iow kyvo 01Xk eesk
w |—ppolLtewp) L L] SV | g2 Culls
c1 Cc1 Wy (o) 2cq pe
_uoyw%e'lﬂokf Hoyole Eoky + ko1 X o k2ol erseisk’
P P 2¢} ! pe ’

2.17)
Equation (2.17) can be used to investigate the possibility of Brillouin instability in a dense (w, ~ ), isotro-
pic as well as magnetoactive (o, ~w),), cubic piezoelectric semiconductor plasma over a wide range of sys-
tem parameters with w <v, ®=v, and o > v, provided that the other assumptions mentioned in Sec. I are
correct.

III. ISOTROPIC SEMICONDUCTOR PLASMA

In an isotropic plasma with By=0, the dispersion relation (2.17) reduces to the following form:

2 . 2 2 . 2
[0 110, w L0,
2 2 1 1%p 1 1
(@2—k2%2) | | =k = — 2 | | = k2= Tk 22 | k2K

Cy cv (5] cv

2t 2 . 2 2 . 2

BoyowieaEq 0] 0w 0] ilow

a0 7 B s Y % e 2 | G B )
P Cci civ Cq c1v

The above equation describes Brillouin instability in a two-dimensional case with both k, and k, being fin-
ite.

It can be observed from the above equation that the acoustic and the electromagnetic modes (obtainable
by equating to zero the first and the second factor, respectively, in the left-hand side) are coupled via the
nonlinear force due to electrostriction in the piezoelectric semiconductor. The presence of the high-
frequency pump with E540 is a precondition for the coupling (as is evident from the same equation). Since
we have assumed spatially uniform pump with kg <<k, one can easily take k2, k2>>w?/c? for 0°<0<90°
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as w3/c? ~k} with o, ~w,. Using this approximation, after algebraic simplifications, Eq. (3.1) yields

iwoa)f,
ctv

_ipoyelvoeiaEo
Py

(02—k??) |k?

To explore the possibility of instability, we solve
the dispersion relation for complex o(=w, +iw;)
with real positive values of the wave number k
such that v, =kc,. Equating the imaginary parts,
one can have

Hoywoe4civkEy 2k2k}
i = 2 2 1— 2 4
WppC; it L%

Vet

(3.3)

Equation (3.3) yields w; <0 because the factor
within the square brackets is always positive. This
relation gives a zero threshold value of the pump
electric field amplitude and for a real semiconduc-
tor as shown below, the results are not very en-
couraging.

The numerical calculations of growth rate |w; |
of the unstable Brillouin mode for n-InSb at 77 K
duly irradiated by a pulsed 10.6-um CO, laser
(wo~1.78% 10" sec™!) is made with
k=2x10" m~!, v=3.5x 10" sec™!, and
@, =1.775X 10" sec™!. The other physical con-
stants are: m =0.0138m,, e;;=0.054 Cm 2,
p=5.8X10° kgm ™3, €, =17.8, and remembering
that the ratio between transverse and longitudinal
sound velocities varies from 0 to 1/v2, we have
taken ¢, =1/v2Xx4x 10° msec™!. Using these
values in Eq. (3.3), one obtains
|@; | ~8.26 X 10™%(E,) which yields a very low
value of the growth rate even at a moderately high
value of E;. Practically, one can say that no
growing unstable Brillouin mode would be ob-
served in isotropic crystal at pump intensity less
than that which can cause damage to the crystal
under the configuration when the pump amplitude
is normal to the direction of propagation of the
scattered wave, i.e., when Eo is perpendicular to k.
This result is dlfferent from that obtained by Sen®

— (kg k) +——

. 2
2 lCz)()(Op
2 A
Ccq (v—thvox)

’
kxvoxwoe4e 14X

owpk
C1V

(3.2)

I

who found a moderate growth of the unstable
mode in the same crystal with E, being parallel to
K and By=0.

IV. MAGNETOACTIVE PLASMA

The general dispersion relation (2.17) derived in
Sec. II has been solved under a number of physi-
cally sound approximations in Sec. IV A and an
expression for the growth rate has been obtained in
order to study the qualitative nature of the
phenomenon of Brillouin instability in a magnet-
ized crystal. The results of the computer analysis
of the relation (2.17) is presented in Sec. IVB
describing more accurately and elaborately the
dependence of growth rate of the unstable mode on
the different physical parameters. An effort has
been made to establish a clarity between the two
approaches in Sec. IVC.

A. Analytical approach

We have considered the range of 0 inbetween 0°
and 90° (e.g., from 5° to 85°). The cases at 6=0°
and 90° have been discussed in Sec. V. We take
wp ~®1~wg and wy>> v, kyvox,®; V<< |0, | and
| @, | <wq. They result into the following simplif-
ications:

Wy Of (00}
2, 2T 2, 2 2 2
0 +0; 0, +of Wo—W¢
(1/as+1/w0p)~1/0y ,
and
kloo/(0f—ok) << k2/(v—ikevoy) .

Using these mathematical approximations, the
dispersion relation (2.17) can be reduced to

+k2k}? ]

ta)owpkz

2
(@ —k%P) | |—k24— e | | _ g2
cHwi—w?)
__”07“’(2)9,14](7.2E0 g2 6006012:
p U cHwd—o?)

2c %pe

kit+ki—— 4.1)

cl(v—lkxvo,,)
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Equation (4.1) shows that the acoustic mode and the scattered electromagnetic mode are coupled via the
pump electric field. Moreover, at finite value of the pump amplitude, the coupling is possible in both
piezoelectric as well as the semiconductors exhibiting the properties of electrostriction remembering that
els=e3—yEy/2. It can further be noticed from a rough numerical estimation for any piezoelectric semi-
conductor that the piezoelectric coupling is much stronger than the electrostrictive coupling.

We now proceed to investigate the possibility of Brillouin instability. We separate the real and imaginary
parts on the two sides of Eq. (4.1); the imaginary parts yield the expression for w; as

_ (P +k7viy) | porwoeiskEo

’
kyvoxeise 14X

;=

In obtaining the above equation, only the numeri-
cally dominant terms have been taken into account.
At o, =0, the results agree with those predicted in
Sec. III. It is apparent from the above expression
that at Ey=0, w; =0, which means that the insta-
bility is having a zero threshold. However, as long
as the magnetostatic field remains considerably
low, one achieves a negligible growth of the scat-
tered modes. A numerical estimation shows that
the second term within the square brackets in Eq.
(4.2) becomes dominant as compared to the first
one only when |, | >10'2 sec™!. As is men-
tioned earlier in this section that the phenomenon
has been studied at | w, | >>v, we neglect the first
term and thus obtain an expression for w; as

kxvo,,S
(v 4482)

’
_ ejqe140.vek, Eg

;=

B 4kz2kc,mepwf,(w%——w§)

. 213
kev
9 k¢+k;+_wq%_xex_], @3

AW +k2vd,)

where we have substituted the value of X from Sec.
II. Remembering that w, is having a negative
value (as it is defined by —eBy/m), the growth of
the unstable mode can be possible only when

Kk, V0,0
(V2 +48%)
provided that

(ki + k) + wowikavae /e (VP + kv,

is positive which is valid for the values of
Ey>2X10° Vm~!. Thus we see that the condi-

1+ <0,

2w§ vke k2 P 2¢3pe

2,3
Woopk;vox

e e
x ’+c%<v2+k2u3x)

4.2)

l

tion of obtaining a significant growth rate is
dependent on electric field amplitude of the pump
wave and it should have a value such that the
above condition is satisfied. We denote this elec-
tric field amplitude above which one can expect a
considerable growth of the unstable mode by E,
(the subscript cr stands for critical) and its value is
given by

_ m(ws—?)(v?+48%)
o dek, | o, | 8

(4.4)

It is worth mentioning at this juncture that the
factor (w3—w?2) should be replaced by
{ —[(iwo+v)*+w?]}, if one wants to study the
phenomena at wy~w,.

At low values of Eq (~5X10° Vm™!), the fac-
tor 14Kk, vg,8/(v*+48%) remains positive and the
condition of instability is then determined by

21,2
wo“’pkaOx 4 4
—S——>(ky+k;),

C%VZ x T Kz

or

2 22
m"—%"?(kﬁkﬁ) . 4.5)

e I @ i WDDp kx
It should be noted here that all these conditions
have been derived for |w, | <, range of magne-
tostatic field, i.e., (w%——wg) was assumed to be posi-
tive. We have not made any attempt to find out
the conditions of instability above this range be-
cause the cyclotron absorption and Landau damp-
ing may become important in such a high range of
applied magnetostatic field and the present analysis
does not take into account these effects.

B. Computer analysis

For this purpose, we have solved Eq. (2.17) with no further approximation except that c,2 >>ey4e4/peE.

We have written Eq. (2.17) in the form
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4 21.2 kzkaOxX woa’:kzz
o* | —2kgk; — 3 3
2cq WY
k, vo qc X e Eowdki+k})  kZkvoewgvesEoX iw0m2k2
o | 4k K24 20 2001 (k3 k) _ BorenEowolks +k;)  kzkxvox 0?’414 p22
2cq p 2peci WsC1
2140 kevoeiX yose 1 Eok2k2 | kevoeelX wge 14E
k2 olkt k) HovelawoEo K« G2 | okttt Bovwoe 1uEoksk; | Ky o _ HoyooeiaEo
2c] 2cq p
. 21214 4
fowpkile el 4.6)
wsc%

The above equation is quartic in  and has been
solved for a real positive value of

k (=2%10" m~!). The solutions for complex

o (=0, +io;) with ©; <0 have been considered as
solutions representing the unstable Brillouin mode
propagating with a phase velocity v4(=w,/k) and
a growth rate |w; |. The analysis is made for
0=15"t0 75, |, | =5X% 10" to 1.7X 10" sec™!,
and E;=10° to 1.5 10’ Vm~!. The crystal con-
sidered for this purpose is n-InSb at 77 K duly ir-

4.0

35

30

25

i l(10%sec™)

2.0

1.5

0 5 10 15
E,(10°Vm™)
FIG. 1. Dependence of growth rate |w;| of the un-
stable Brillouin mode on the pump electric field ampli-
tude Ey at 0=60" and |, | =1.5X 10" sec™".

I

radiated by a pulsed 10.6 um CO, laser. The ma-
terial parameters chosen are already mentioned in
Sec. III.

The results are plotted in Fig. 1—3. Figure 1
shows the variation of the growth rate |w; | with
electric field amplitude of the pump E,. The max-
imum value of |w; | occurs at Eg~1.1
x10" Vm~!, 6=60°, and |w, | =1.5X 10" sec™!.
A further increase in E; reduces the growth rate of
the unstable mode. However, we have limited our-

{14

12.5]

110
. E
5 >
g 10 &S
» 408 T
3
7.5t Jo.6
doa
5.0
Jo.2
25 . , . , \ ,los
5 7 9 E] 13 15 17
I, 1(10° sec™)

FIG. 2. Dependence of growth rate |w;| on the
magnetostatic field (in terms of |w, |) at 6=30" and
pump field Eg=5X%10° Vm~! (represented by curve I);
Variation of the critical pump amplitude E,, with | e, |
at =30° (represented by curve II).

[—)
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FIG. 3. Dependence of growth rate |w;| on the an-
gle 6 at Eg=9x10° Vm~! and |, | =1.1X 10" sec™!
(curve I); variation of E,; with 6 at | e, | =1.1X 10"
sec™! (curve II).

selves to a highest value of E of the order of
1.5Xx 107 Vm™!, as there is a possibility of damage
to the crystal if a very high-intensity laser beam
with Eg> 1.5% 10" Vm~! is applied. The nature
of dependence of |w; | as well as E, on magnetic
field are plotted in Fig. 2 where curve I shows the
variation of growth rate with applied magnetostat-
ic field (in terms of |w, |) and curve II represents
the variation of E . with |, |. Curve I indicates
that the growth rate of the unstable Brillouin mode
increases rapidly with increase in |, | up to a
value of |w, | ~1.5X 10" sec™!. A further rise in
| @, | causes a sharp fall in |w;|. Curve Il is
plotted for a fixed value of 6 (=30° in this case).
One can notice that E, decreases as |w, | is in-
creased. Figure 3 deals with the relation between
|; | and O (curve I) and E, and 0 (curve II).
From the nature of curve I, one can conclude that
the role of 6 in obtaining considerable growth of
the unstable mode is critical for the reason that at
lower values of 0 (i.e., 6 <60°), |w; | increases with
the increase in 6 with the maxima being obtainable
at 6~60° but after that |w; | decreases very rapid-
ly with increasing 6 and for 6~90°, | w; | becomes
almost vanishingly small. From curve II, we can
infer that the critical pump field becomes higher at
larger value of 6 and for 6 ~90°, it is appreciably

large and may be even higher than the damage
threshold of the crystal. Thus, Fig. 3 indicates
that 8 should be around 60° in order to achieve a
large growth of the unstable mode without causing
any damage to the crystal. It is worth mentioning
here that the value of 6 at which one can get max-
imum growth rate is dependent on the values of E
and | o, | chosen for the geometry.

While watching the nature of dependence of the
phase velocity v4(=w, /k) of the unstable Brillouin
mode on the different system parameters like the
electric field amplitude of the pump, magnetostatic
field, and the angle 8, we have noticed that it
remains fairly constant over the whole range of
these parameters and its magnitude is exactly equal
to the acoustic velocity inside the crystal (viz.,
vy~ ~2.83X 10 msec™! in n-InSb crystal).

C. Comparison between the two approaches

Here, we have addressed ourselves to the ques-
tion of establishing a relationship between the re-
sults discussed in the above two subsections. Let
us first take the case of the behavior of the critical
pump amplitude E . below which the unstable
mode does not exhibit any significant growth.
From Eq. (4.4) we notice that E . decreases as
| | is increased when |w. | <w,. A look at
curve II of Fig. 2 agrees well with this behavior
for |w, | <wo. If considered the nature of depen-
dence of E;. on 6, the same equation (4.4) mani-
fests that E_ will be higher at higher values of 6
as k, decreases with increase in 6 and E; rises
very sharply as 0 tends to 90° and theoretically, E,
tends to infinity as 6 approaches 90°. If we com-
pare this result with curve II of Fig. 3, we again
achieve a fairly good agreement between the two
approaches. Now we examine the agreement in re-
lation to the growth rate |w;|. From Eq. (4.3)
one can notice that the analytical expression for
| w; | is too complicated to handle for obtaining a
simple relation between |w; | and any of the
parameters like Ey, |w, |, and 6. Of course, to
find out the possibilities of existence of maximas
of |w;| with respect to Ey, |w, |, and 6, we have
derived 3 |w; | /0Ey, 3| ®; | /3| w. |, and
d | w; | /00 by assigning constant values to the
remaining variables (e.g., | @, | and 6 in the first
case) and equated them individually to zero. The
value of E, obtained from 9 |w; | /0E(=0
corresponds to the maximum growth rate. Like-
wise, the expressions can be obtained to find out
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the maximas of |w; | corresponding to |w, | and
0. Figure 1 as well as curve I in Fig. 2 and 3 exhi-
bit the same nature of dependence. However, the
qualitative agreement between the two approaches
obtained is not exact in these cases.

V. VOIGT AND FARADAY GEOMETRIES

The general dispersion relation represented by
Eq. (2.17) no longer remains valid for these two
cases. Thus, under these geometrical configura-
tions, one must address oneself to the relation
(2.15) and proceed as follows: A simple look at
Eq. (2.15) shows that the coefficient a3; becomes
zero when either k, or k, is equal to zero. Conse-
quently, Eq. (2.15) reduces to

aylapa —apay)=0. (5.1)
A. Voigt geometry (k, =0, k,5-0)

Equation (5.1) leads to

a3 =0
or
a3a1;—a1a3=0. (5.2)
a3; =0 gives
2 2
o 00
kit — —i—E(1/0,+1/0)=0,
1 1

which merely represents the dispersion relation for
a single electromagnetic mode propagating along x
|

kvoyeyse '14603 | e | X

axis. This mode is of no importance under the
present context as we are solely concerned with the
scattering of the electromagnetic wave due to the
internally generated acoustic wave in the medium.
However, Eq. (5.2) yields

w? kvo, X

(wZ_kZCZ) 1+ P
! (02 —wd) 2w

ve4E ok2 k300x9146’ 14X
— +
pE 200p€

. r 2
tku0xe14e 14wpch

2c%pe(w§-—a)(2)) » (5.3)

where k stands for k,. Here, we have assumed
that
ws wf a)f
2, 2T
O+

wf+w} wg +w} '

Equation (5.3) shows that the acoustic and the
electromagnetic modes are coupled via (i) electros-
triction and (ii) the piezoelectric property of the
medium; the presence of the finite amplitude pump
wave is obviously the precondition for such a cou-
pling and the consequent instability. The coupling
has already been discussed earlier in connection
with the general configuration. Equation (5.3) is
now analyzed to obtain the expressions for (a) the
threshold electric field required for the onset of in-
stability and (b) the growth rate of the unstable
mode well above the threshold. Separating the real
and imaginary parts in Eq. (5.3) and solving for
;, we get

loi | y=

2
(l)p kvaX

4cipe|(wi—al) | [1+—52
|‘00—ch

The subscript V stands for the parameters under
Voigt configuration. From the above expression,
one can notice that the finite growth is achievable
only when the magnetostatic field is present. As
long as the factor kvg,X /2w (in the denominator)
remains less than one corresponding to a value of
Ey~107 to 10] Vm~! and

|@e | ~1.5X 10" sec™, the value of |w; | is
found to be ~8.91x 10* sec~! which is smaller
than that obtained under the general configuration
(~10° sec™1).

ke,

B. Faraday geometry (k,5-0, k, =0)

Under this geometry, the dispersion relation is
given by a;3=0 in Eq. (5.1) yielding
;2 ’ 7,22
iwp | poywie 14k ciEy
— —_——p .

It can be observed from this equation that the two
modes are coupled via electrostriction only. How-
ever, the strong coupling at moderate electric field

(@*—k%}) |+ (5.5)

(2]
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amplitude of the pump is achievable only in
piezoelectric semiconductors remembering that
ely=e—vEy/2 and e 4 >> yE(/2 even for a
very large value of E;. The expression for the
growth rate is found from Eq. (5.5) as

poyaoe 4k ciEy

) 5.6
2pkc,a),2, 5.6

|oi | F=

where the suffix F stands for Faraday geometry.

The above equation indicates that the threshold
value of E is zero. Quite interestingly, one can
notice from Eq. (5.5) that the magnetic field has
no effect on the dispersion relation. Thus, the re-
sults will be similar to those obtained in Sec. III
(with k, =0). The numerical analysis made for n-
InSb yields |w; | p~7.43X107°E,. This leads to
the conclusion that under Faraday configuration,
practically, Brillouin instability with significant
growth is not achievable.

VI. CONCLUSIONS

The analytical investigations of Brillouin insta-
bility under various geometrical configurations of
the electric field, magnetostatic field, and the wave
vectors of the scattered modes have been dealt with
in the present paper and one can arrive at the fol-
lowing conclusions: (1) From the comparison of
results in Sec. III, IV, and V, we conclude that the
magnetostatic field plays a very significant role.
Brillouin instability with a significant growth of
the unstable mode can be observable only in the
magnetized piezoelectric semiconductor plasmas.
Under Faraday geometry (Sec. V B), the terms aris-
ing due to magnetostatic field disappear and conse-
quently, instability with almost no growth of the
Brillouin mode can be observed, which is also the

case with an isotropic plasma (Sec. III). (2) Under
the general configuration, one can achieve a very
large growth of the unstable mode which pro-
pagates with a phase velocity equal to the trans-
verse acoustic velocity in the crystal. In order to
get the best result, one must have to choose an ap-
propriate value of 0 for a certain value of the
pump amplitude as well as the magnetic field. The
role of magnetic field is to enhance the growth as
well as to reduce the value of E . It must be not-
ed that for low values of E, (Ey < 10° Vm™)), the
growth rate obtained by using Eq. (4.3) is

~10% sec™!. (3) For the n-type cubic piezoelectric
semiconductors under Voigt geometry, we find
better growth of the unstable mode than under
Faraday geometry. But the best geometry is found
to be the general one with 0° <6 <90°. (4) The
electric field amplitude E, considered in the
present investigation can be expressed in terms of
the pump intensity I, by using the relation
Iy=coeey | Eo | 2/2m, 1 being the refractive index
of the crystal (=3.9 for InSb) and ¢, is the veloci-
ty of light in vacuum. The results reported in this
paper are made for E, in the range of 10° to

1.5x 10" Vm~!; the corresponding range of I, us-
ing the above relation becomes 6.06 X 10° to
1.36x10'2 W m—2, which can be used without
causing appreciable damage to the crystal.
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